To determine whether suprathreshold measures of auditory function, such as distortion-product otoacoustic emissions (DPOAEs) and auditory brainstem responses (ABRs), are correlated with noise exposure history in normal-hearing human ears. Recent data from animal studies have revealed significant deafferentation of auditory nerve fibers after full recovery from temporary noise-induced hearing loss. Furthermore, these data report smaller ABR wave I amplitudes in noise-exposed animal ears when compared with non-noise-exposed control animals or prenoise exposure amplitudes in the same animal. It is unknown whether a similar phenomenon exists in the normal-hearing, noise-exposed human ear.
INTRODUCTION
Noise-induced hearing loss (NIHL) affects approximately 15% of Americans aged 20 to 69 years (National Institute on Deafness and Other Communication Disorders 2001) . While the detrimental effects of noise on the auditory system have been well documented (e.g., Spoendlin 1971; Saunders et al. 1985; Nordmann et al. 2000; Kujawa & Liberman 2009 ), the relationship between the amount of acoustic exposure and the resulting anatomic and physiologic damage is variable, even in highly controlled studies.
Clinical protocols for assessing NIHL have traditionally relied on the evaluation of behavioral thresholds, where the hallmark of NIHL is a high-frequency 3 to 6 kHz notching audiometric pattern. It is widely accepted that permanent threshold shifts after noise exposure are a result of permanent damage to auditory structures. An assumption underlying the concept of a temporary threshold shift (TTS) is that after full recovery of threshold(s), no residual anatomical damage is present and the temporary decrease in hearing has been essentially harmless (Humes et al. 2005; Kujawa & Liberman 2009 ).
Recent investigations in mice (Kujawa & Liberman 2009 ) and guinea pigs (Lin et al. 2011; Furman et al. 2013 ) challenge the view that temporary NIHL does not result in permanent auditory damage and also suggest that current clinical testing protocols may be insensitive to detecting evidence of early auditory damage. Kujawa and colleagues induced a temporary NIHL (up to a 40 dB loss) in mice and guinea pig ears (Kujawa & Liberman 2009; Lin et al. 2011; Furman et al. 2013) . After threshold recovery, auditory function was assessed via auditory brainstem responses (ABRs) and distortion-product otoacoustic emissions (DPOAEs). Anatomical damage was evaluated by examining the outer hair cells (OHCs), the inner hair cells (IHCs), and their nerve terminal connections (i.e., synaptic ribbons). Results demonstrated an abrupt, permanent loss of up to 50% of afferent nerve terminal connections between IHCs and auditory nerve fibers in the frequency region of maximum TTS. Despite substantial deafferentation, ABR thresholds demonstrated full recovery to prenoise exposure levels. Threshold responses have been shown to be relatively insensitive to large changes in the auditory nerve fiber population (Earl & Chertoff 2010) because they are dependent upon synchronous firing of neuronal fibers but at a criterion response only slightly above the noise floor. Therefore, in recent findings from noise-exposed animals (Kujawa & Liberman 2009; Lin et al. 2011; Furman et al. 2013) , the remaining undamaged IHC afferent connections proved sufficient to preserve the threshold response, even in the presence of a substantial loss of synaptic ribbons.
At suprathreshold stimulation levels (>40 dB SPL), ABR wave I amplitude was significantly smaller in the noise-exposed animals relative to either control animals or preexposure baselines. Furman et al. (2013) reported specific loss of auditory nerve fiber populations with low spontaneous rates and high thresholds, further suggesting that temporary NIHL selectively damages auditory nerve fibers that contribute to high-level amplitude responses. Therefore, ABR suprathreshold responses demonstrated better sensitivity at revealing auditory damage than threshold responses.
In contrast to the damage seen in the IHC afferent connections, the OHCs appeared undamaged upon anatomical assessment. Not surprisingly, there were no differences in DPOAE threshold or suprathreshold responses in noise-exposed animal ears relative to controls (Kujawa & Liberman 2009; Lin et al. 2011; Furman et al. 2013) .
These investigations (Kujawa & Liberman 2009; Lin et al. 2011; Furman et al. 2013) contradict the assumption that no permanent anatomical damage occurs with TTS. Permanent anatomical damage likely does not occur with all episodes of TTS (Fernandez et al. 2014) . It is not clear what specific factors distinguish TTS episodes that yield permanent damage from those that do not. However, when permanent anatomical damage is present, the data from the study reported by Kujawa and Liberman (2009) suggest that the use of suprathreshold stimuli may provide evidence of early-onset noise-induced auditory damage that is not yet evident in threshold assessment. This is of clinical importance because the current gold standard for NIHL assessment is based on the determination of threshold. These data are also provocative because high-threshold, low-spontaneous rate auditory nerve fibers may be important for hearing in noisy environments, partially due to their resistance to masking in background noise (Costalupes et al. 1984; Lopez-Poveda & Barrios 2013) . Individuals with damage to these fibers might report difficulty hearing in noise, even in the presence of normal behavioral thresholds. Difficulty hearing in noise, tinnitus, and hyperacusis have all been reported in noise-exposed human ears with normal behavioral thresholds (Sanchez et al. 2005; Muhr & Rosenhall 2010) . Based on the work reported by Kujawa and Liberman, it appears possible to have normal behavioral thresholds in the absence of "normal" auditory function.
Several investigations have described the use of OAEs in humans as an early indicator of noise-induced damage or as a method to determine whether an individual is at risk for developing NIHL (Attias et al. 2001; Lapsley Miller et al. 2006; Marshall et al. 2009 ). Other reports have not found evidence to support OAEs in this context (Seixas et al. 2012) . While the data reported by Kujawa and Liberman (2009) (as discussed earlier) suggest that OAEs (and OHCs) are affected in the TTS stage, the location of permanent damage appears to be in the ribbon synapses between IHCs and auditory nerve fibers and not in the OHCs. This suggests that OAE assessment may not be sensitive to the damage that would be present after TTS has recovered and before behavioral threshold is permanently affected.
There is some evidence of reduced wave I amplitude in human ears not related to changes in behavioral threshold in aging ears (Konrad-Martin et al. 2012 ) and in normal-hearing ears with tinnitus (Schaette & McAlpine 2011) . Variability is commonly seen in ABR response amplitude, even in normalhearing ears (Schwartz et al. 1994) . In light of the recent animal data relative to wave I amplitude, it is possible some variability could be due to differences in noise exposure history. A concern regarding ABR wave I assessment is that it can be difficult to visualize at low stimulus levels. Enhancement of wave I can be achieved by using a slower presentation rate and an ear-canal or tympanic membrane (TM) electrode (Ferraro & Ferguson 1989; Schwartz et al. 1994; Hall 2007b; Gaddam & Ferraro 2008) . Further investigation of ABR responses, particularly wave I, in normal-hearing, noise-exposed human ears is warranted.
To investigate the auditory responses in noise-exposed human ears, it is necessary to have some metric to quantify the amount of noise exposure an individual has encountered in their daily life. However, defining the noise exposure background (NEB) in human subjects is not a simple undertaking and there is no universally accepted approach. Questionnaires can be helpful in quantifying the amount of NEB based on the type and duration of noise exposures reported.
A questionnaire was developed by Neitzel et al. (2004a Neitzel et al. ( , 2004b to quantify the annual amount of nonoccupational noise exposure in construction workers (Reeb-Whitaker et al. 2004 ). This questionnaire was used in conjunction with daily-activity logs and personal dosimetry to provide a description of the total occupational and nonoccupational noise exposure in construction workers. Estimates of noise exposure through the questionnaire were shown to be not different from estimates obtained with daily-activity logs and dosimetry measurements, indicating that construction workers were able to accurately recall their exposure to noise (Reeb-Whitaker et al. 2004 ). The questionnaire included questions pertaining to the frequency ("how often") of noise exposures during "routine" (home, travel, shopping, etc.) and "episodic" activities (using power tools, attending sporting events, etc.) over 6760 hr (the number of hours spent annually in nonoccupational activities, assuming a 40-hr work week for 50 weeks/year).
The questionnaire by Neitzel et al. (2004a Neitzel et al. ( , 2004b was expanded by Megerson (2010) to include questions pertaining to musical activities (musical instrument playing, music listening via personal earphones, and music listening via audio speakers) and occupational noise exposures. The modifications by Megerson also included specific queries regarding the duration of each exposure ("how long"). The Megerson noise exposure questionnaire (NEQ) yields a L Aeq8760h value which can be interpreted as an annual estimate of noise exposure. While self-report questionnaires are imperfect in nature by being subject to recall accuracy and recall bias (Coughlin 1990 ), they can be helpful in describing the noise exposure history for an individual.
In summary, recent evidence suggests that the exposure to loud sound may be more dangerous than previously believed and that current assessment protocols may be insensitive to detecting evidence of early noise-induced auditory damage (Kujawa & Liberman 2009; Lin et al. 2011; Furman et al. 2013) . However, as these studies were completed in the mouse and guinea pig ear, further investigation is needed before generalizing findings to the human ear.
The purpose of the present study was to characterize suprathreshold cochlear and auditory nerve function among a group of normal-hearing human ears with different amounts of NEB, defined as the value obtained on the Megerson NEQ (in L Aeq8760h ). It was hypothesized that suprathreshold ABR wave I amplitude would decrease as the level of NEB increases. It was also hypothesized that suprathreshold DPOAE level would not differ across ears with varying amounts of NEB.
MATERIALS AND METHODS

Subjects
Data were collected from one ear of 30 normal-hearing subjects (20 female) ranging in age from 19 to 28 years (mean = 22.8 years). While all subjects had normal hearing, specific attention was directed at recruiting individuals with varying amounts of NEB. Many subjects who reported higher NEB were recruited from music departments of local universities. Normal hearing was defined as pure-tone behavioral thresholds of ≤20 dB HL (re: American National Standards Institutes 2004) for the octave and interoctave frequencies between 0.25 and 8 kHz. Normal middle-ear function was defined as a normal 226 Hz tympanogram. Pure-tone thresholds of each subject were assessed at the first test session and middle-ear function was assessed (and required to be normal) at both data-collection sessions. Behavioral thresholds and middle-ear function were assessed in both ears of each subject. If the test ear could not be selected based on audiometric or tympanometric results, the test ear was selected as the ear that had the greatest amount of noise exposure or was chosen at random if noise exposure was similar between the two ears. Subject Sample Size • Because it was unknown whether a relationship between NEB and ABR amplitude existed in human ears, the decision was made to power the study based on the expected findings for a single, high stimulus level. If the mechanism of damage observed in the mouse and guinea pig ear operates in a similar fashion in human ears, evidence of damage would be apparent at this high stimulus level. Specifically, the study was powered based on the expected relationship between NEB and ABR wave I amplitude to click stimuli presented at 90 dB nHL. A power analysis was performed (v. 9.3; Statistical Analysis Software, Cary, NC) and indicated, for a significance level of α = 0.05, 30 subjects were sufficient to achieve a power of approximately 80%.
Procedures
Data were collected in two testing sessions. Both sessions occurred within 1 or 2 weeks(s) of each other and subjects were asked to refrain from participating in any high-noise activity the night before the testing session. The first testing session (1 hr) consisted of consenting procedures, audiometric evaluation, and assessment of NEB. The second session (4 hr) consisted of DPOAE and ABR testing. At the second session, subjects reclined in a comfortable chair and slept or relaxed during data collection. This study was approved by the Institutional Review Board/ Human Subjects Committee at the University of Kansas Medical Center and signed consents were obtained from all participants. Assessment of Noise Exposure Background • NEB was assessed via a self-report questionnaire (the NEQ) developed by Megerson (2010) . The NEQ yields a value that is an estimate of the annual amount of noise exposure in L Aeq8760h . Here, "L" represents sound pressure level in dB, "A" represents use of an A-weighted frequency response, "eq" represents a 3-dB exchange rate for calculation of the time-level relationship, and "8760h" represents the total duration of the noise exposure in hours over 1 year (365 days/year × 24 hr/day). The NEQ assesses nine specific known high-noise situations (power tools, heavy equipment/machinery, commercial sporting/entertainment events, motorized vehicles, small/private aircraft, musical instrument playing, music listening via personal earphones, music listening via audio speakers, and occupational). The frequency (i.e., how often) and duration (i.e., how long) of noise exposures were queried. See Supplemental Appendix (http:// links.lww.com/EANDH/A168) for further detail on the questionnaire and computation of L Aeq8760h .
NEB was assessed at the first data-collection session (before any DPOAE and ABR testing) and was not re-evaluated during or after the second data-collection session. This was done to ensure that the knowledge of auditory response behavior did not influence the determination of NEB. In other words, NEQ values were never changed after DPOAE/ABR testing was complete and no subject was excluded after DPOAE/ABR data were collected. DPOAE Testing Protocol • All DPOAE data were collected using custom-designed software (EMAV, Neely & Liu 1993) that controlled a 24-bit soundcard (CardDeluxe; Digital Audio Labs, Chanhassen, MN) housed in a PC. A probe microphone (ER-10C; Etymotic Research, Elk Grove, IL) was used to calibrate and present stimuli and to record emissions. Calibration was completed using the forward-pressure level (FPL) technique outlined by Scheperle et al. (2008 Scheperle et al. ( , 2011 which has been shown to reduce variability across repeated testing sessions. The FPL calibration technique estimates the Thévenin-equivalent acoustic properties of the probe microphone (i.e., the source) and allows for isolation of the incident from the reflected components of the calibration signal. Before each subject's testing session, a wideband chirp stimulus was presented to five brass tubes. The pressure response in each tube was measured and used to estimate source impedance and pressure. Source impedance and pressure are needed to estimate load impedance, which is necessary to convert SPL to FPL.
DPOAEs were recorded as level functions in response to pairs of primary tones (f 1 , f 2 ; f 1 < f 2 ) for f 2 frequencies of 1, 2, and 4 kHz. The level of f 2 (L 2 ) began at 80 dB FPL and descended in 10 dB steps down to 0 dB FPL. The level of f 1 (L 1 ) and the f 2 /f 1 ratio were determined based on stimulus parameters shown to result in increased test performance from Kirby et al. (2011) :
log .
Measurement-based stopping rules were used during data collection such that, for each condition, averaging continued until the noise level was ≤−25 dB SPL or a maximum of 32 sec of artifact-free averaging had occurred. Noise levels were estimated from the 2f 1 -f 2 frequency bin plus five bins on either side of this frequency. Estimation of noise level in the 2f 1 -f 2 bin was accomplished by alternately storing 0.25-sec samples of the response in one of the two buffers. The buffers were summed to provide an estimate of the response level (at 2f 1 -f 2 ) and were subtracted to provide the noise estimate. The use of measurement-based stopping rules allowed the averaging time to increase whenever the noise level exceeded −25 dB SPL. As a result, we were able to achieve consistent noise levels across subjects and conditions, while maximizing the efficiency with which data were collected for conditions where the noise level was ≤−25 dB SPL.
ABR Protocol • ABR testing was performed using a commercial system (System 3; Tucker-Davis Technologies, Alachua, FL) in a single-walled, sound-attenuated booth. Stimulus-level calibration in dB nHL was achieved by measuring behavioral thresholds to each stimulus in 10 normal-hearing adults. ABR stimuli were presented with alternating polarity at a rate of 11.3/sec via insert earphones (E-A-RTONE 3A, 3M, St. Paul, MN). ABRs were collected using 100-μsec clicks (0 dB nHL = 31 dB ppe SPL) and Blackman-gated tones at 4000 Hz (1-msec rise/fall, 0 dB nHL = 21 dB ppe SPL). Presentation level began at 90 dB nHL and decreased in 10 dB steps down to 10 dB below threshold.
Recording parameters included a gain of 5100 (the use of a battery-powered preamplifier and a fiber-optic cable allowed for the use of less amplification than is typically seen in ABR recordings) and band-pass filtering from 100 to 3000 Hz. ABRs were collected during a 20-msec time window. Noninverting electrodes were placed on the ipsilateral TM (commercially available electrode from Sanibel Supply, Eden Prairie, MN) and ipsilateral mastoid. An inverting electrode was placed on the subject's high forehead (Fz) and the ground electrode was placed on the contralateral mastoid. Before analysis, all waveforms were inverted to allow for the typical vertex-positive orientation. At each stimulus level, two replications of 2000 stimulus repetitions were collected and the averaged waveform was used for analysis. Two independent judges separately identified peak to trough amplitudes of waves I and V using visual overlay cursors on a computer screen. The first judge analyzed the waveforms during data collection and was therefore not blinded to subject information (i.e., NEB). The second judge was blinded to subject information during ABR waveform analyses. Any interscorer disagreements between the two judges were resolved by reviewing the data together. Data Analyses • Linear regression techniques were used to characterize the relationships between DPOAE and ABR data and NEB. All statistical procedures were completed using commercially available software (IBM SPSS Statistics v. 20, Armonk, NY; Microsoft Excel 2010, Redmond, WA).
RESULTS
Variation of NEB Across Subjects
A histogram displaying the range of NEQ values (rounded to the nearest integer) obtained across the 30 study participants is shown in Figure 1 . The NEQ has a theoretical range of 64 to 95.5 L Aeq8760h . In the present study, NEQ values ranged from 67 to 83 L Aeq8760h . This demonstrates that the NEQ values in the present study span a wide range and indicates variation in NEB across subjects. While no subjects had NEQs close to the upper theoretical limit, it is unlikely that an individual scoring near the theoretical upper end would have normal hearing. Linear regression analyses for the data shown in Figure 2 (results shown as insets in each panel) did not reveal a systematic relationship between NEB and DPOAE level at any stimulus condition assessed (p values were >0.05 and r 2 was <0.06 for all comparisons). Although not shown in Figure 2 , the relationship between DPOAE level and NEB was assessed for L 2 < 50 dB FPL (as low as 10-20 dB FPL, the point where signal-to-noise ratios typically fell below 6 dB). The results for L 2 < 50 dB FPL were similar to those shown in Figure 2 . Specifically, no systematic trends were observed and no statistically significant relationships were found. These data suggest that DPOAE level for L 2 s between 20 and 80 dB FPL did not vary as a function of NEB, at least for the noise exposures reported by the subjects tested here. ABR Amplitudes • ABR waveforms recorded with a mastoid electrode for each study participant in response to click stimuli presented at 90 dB nHL are shown in Figure 3 . Waveforms are ordered according to NEB (with NEB increasing from top to bottom in the figure) and the numbers correspond to those listed in Table 1 . Vertical lines indicate ABR wave I peaks and troughs for each waveform. Wave I and V amplitudes for the waveforms displayed in Figure 3 are listed in Table 1 . In general, wave I amplitude decreased with increasing NEB, although variability across participants was present. In contrast, wave V does not appear to change systematically with NEB. A more detailed analysis of these relationships is presented later in this article. Table 2 lists means and standard deviations (SD) for amplitude and latency of ABR waves I and V recorded in response to click and 4 kHz tone burst stimuli presented at 80 and 90 dB nHL. Data were available from 30 subjects at each condition. The coefficient of variation (CV), or the ratio of the SD to the mean amplitude (i.e., 100 × [SD/mean amplitude]), is also displayed in Table 2 larger when compared with responses collected with a mastoid electrode; this indicates greater variability in ABR wave I amplitudes measured with a TM electrode. In contrast to wave I amplitude, there were slightly larger wave V amplitudes measured with a mastoid recording electrode when compared with a TM electrode. Electrode recording site did not appear to have any influence on the latency of wave I or wave V. Wave I • Suprathreshold ABR wave I amplitude is displayed as a function of NEB in Figures 4 (mastoid electrode site) and 5 (TM electrode site) for click (left column) and 4 kHz tone burst (right column) stimuli. Signal level (from 90 to 60 dB nHL) is indicated in the upper right portion of each panel. At each condition, linear regression analysis was completed; the results are inset in each panel (p value and r 2 ) along with the number of subjects that contributed data (n). As stated previously, this study was powered (using α = 0.05) to evaluate the relationship between NEB and ABR wave I amplitude to click stimuli at 90 dB nHL. The two comparisons available for this condition (data collected using a mastoid and TM electrode) are highlighted in Figures 4 and 5 by dark outlines on the plot axes. Table 3 displays the regression coefficients and 95% confidence intervals for these two comparisons. Results for stimulus levels of <90 dB nHL for click stimuli and at all levels for the 4 kHz stimulus in Figures 4 and 5 can be viewed as trends, but statistical significance should be interpreted with caution due to the multiple comparisons that are presented.
Influence of NEB on Auditory Function
For data collected using a mastoid electrode (Fig. 4) , results for a click stimulus presented at 90 dB nHL indicated a statistically significant relationship between wave I amplitude and NEB, where wave I amplitude decreased as NEB increased (p = 0.015, r 2 = 0.194). At this condition, nearly 20% of the variance in wave I amplitude was explained by NEB. The regression coefficients shown in Table 3 for this condition suggest that for every unit increase in NEB, the amplitude of wave I decreases by approximately 11.6 nV. ABRs collected at 70 and 80 dB nHL using a click stimulus, and at 70 to 90 dB nHL using a 4 kHz tone burst stimulus, revealed similar systematic relationships of decreasing wave I amplitude with increasing NEB. Across these conditions, NEB explained approximately 15 to 24% of the variance in wave I amplitude, indicating a medium-to-large effect size (Cohen 1992) . However, when the stimulus level decreased to 60 dB nHL, these relationships were weaker (r 2 = 0.03-0.12). At 50 dB nHL and lower (data not shown in Fig. 4 ), many subjects (typically more than half) did not have an identifiable wave I. Therefore, the relationship between NEB and ABR wave I amplitude at lower stimulus levels could not be determined.
ABR data collected using a TM electrode, shown in Figure 5 , are less systematic than those collected using a mastoid Subjects are ordered by NEQ value (rounded to the nearest integer). Subject number and ABR amplitudes correspond to waveforms displayed in Figure 3 . ABR, auditory brainstem response; NEQ, noise exposure questionnaire. electrode (Fig. 4) . Statistical significance was not met for clickevoked ABRs collected at 90 dB nHL (p = 0.095, r 2 = 0.097, B = −18.177, 95% confidence interval [−39.694 to 3.339]). For 4 kHz tone bursts presented at 90 dB nHL and for stimulation levels of 70 and 80 dB nHL to either stimulus, there was a trend of decreasing ABR wave I amplitude with increasing NEB. For these comparisons, the relationships were not as strong as those observed for the mastoid recording electrode, with NEB explaining only 7 to 12% of the variance in wave I amplitude. At stimulation levels of 60 dB nHL, r 2 values were lower (<0.06). Although not shown in Figure 5 , similar r 2 values were present for ABRs collected at 50 dB nHL (4 kHz tone bursts: r 2 = 0.082, clicks: r 2 = 0.094). Subjects typically had an identifiable wave I at lower stimulation levels for ABRs collected with a TM electrode compared with a mastoid electrode. However, for stimulation levels of 40 dB nHL and lower, an identifiable wave I was absent for more than half of the subjects, preventing an evaluation of the relationship between NEB and wave I amplitude for those conditions. ABRs collected using a TM electrode were more variable than responses collected using a mastoid electrode (note the difference in the amplitude ranges displayed in Figs. 4 and 5) . Recall that the SD of response amplitude for data collected with a TM electrode was roughly double that of the variability seen for responses collected with a mastoid electrode (Table 2 ). Furthermore, the CV was larger for ABRs collected with a TM electrode compared with those collected with a mastoid recording site.
In summary, for ABR responses collected using a mastoid recording site, there was a systematic trend for ABR wave I amplitude to decrease as NEB increased for high-level (≥70 dB nHL) stimuli. The pattern was seen in ABR responses to both click and 4 kHz tone burst stimuli. For ABRs collected using a TM recording site, a weaker trend of smaller wave I amplitude in individuals with greater amounts of NEB was present. It appears that the higher variability associated with the TM recording site obscured any systematic trends in wave I amplitude as a function of NEB. Wave V • The relationship between ABR wave V amplitude and NEB was similar for responses collected using both a TM electrode and a mastoid electrode. Therefore, findings are only presented for ABRs collected with a mastoid recording electrode. Figure 6 displays suprathreshold ABR wave V amplitude as a function of NEB and follows the plotting conventions used in Figures 4 and 5 . Figure 6 do not support the existence of a systematic relationship between suprathreshold ABR wave V amplitude and NEB. In general, less than 5% of the variance in wave V amplitude was attributed to NEB. This indicates that although there was a trend for ABR responses generated in the cochlear nerve (i.e., wave I) to be smaller in normal-hearing ears with larger amounts of NEB, this effect was not present for ABR responses generated at the level of the auditory midbrain (i.e., wave V).
Results displayed in
Influence of Behavioral Threshold on Auditory Responses
All study participants had normal hearing (individual thresholds are shown in Table 1 ); however, thresholds considered normal span a 30 dB range (−10 dB HL to 20 dB HL). It was necessary to consider the relationship between NEB and behavioral threshold(s). If individuals with higher NEB had higher behavioral thresholds (i.e., poorer hearing), then behavioral threshold might be a confounding factor when examining the influence of NEB on DPOAEs and ABRs. Figure 7 shows the relationship between NEB and behavioral threshold at eight frequencies. In each panel, the filled symbols represent individual subjects and a regression line fit to the data is shown. In general, no systematic trends are present, indicating a lack of relationship between behavioral threshold and NEB. Linear regression analyses revealed the strongest relationships were present at 2000 (p = 0.052, r 2 = 0.128) and 3000 Hz (p = 0.046, r 2 = 0.135). However, at these conditions, better hearing thresholds were associated with greater NEB. These results indicate that behavioral threshold is likely not a confounding variable in the previously described relationship between NEB and ABR wave I amplitude.
While behavioral threshold was not found to be correlated with NEB, entering behavioral threshold as an additional predictor variable into a regression model with NEB could potentially explain more of the variance in the measured auditory response than what was explained by NEB alone. Therefore, a stepwise multiple linear regression analysis (using α = 0.05 level of significance) was completed using behavioral threshold and NEB as independent variables. This analysis was conducted on the high-level (≥70 dB nHL) ABR wave I amplitudes displayed in Figure 4 , the six stimulus conditions where a systematic relationship was revealed between ABR amplitude and NEB. The behavioral threshold at 4 kHz was used as a predictor variable for the ABRs collected in response to 4 kHz tone bursts. As behavioral thresholds were not available for click stimuli, the average of behavioral thresholds from 2 to 4 kHz was used as a substitute for click threshold.
Stepwise linear regression results completed with ABR responses collected using a mastoid electrode indicated that NEB was the sole significant predictor for all test conditions. Stated another way, behavioral threshold was excluded from the model at all test conditions, a result that was not surprising given the relationships between behavioral threshold and NEB shown in Figure 7 . Thus, the behavioral threshold was not found to significantly contribute to a multiple linear regression model for click-evoked or 4 kHz tone burst ABRs collected with a mastoid recording site for stimulation levels of 90 to 70 dB nHL.
DISCUSSION
To summarize, ABR wave I amplitudes collected with a mastoid electrode to 90 dB nHL click stimuli were significantly smaller in ears with greater amounts of NEB. For other high-level (≥70 dB nHL) testing conditions, there was a systematic trend for wave I amplitude to decrease with increasing NEB. This trend weakened and disappeared with decreases in stimulus level (<70 dB nHL). Although similar trends were observed for responses recorded with a TM electrode, the responses were more variable across subjects and the relationship was weaker. In contrast to the results observed for wave I, there was no apparent relationship between suprathreshold wave V amplitude and NEB for either recording electrode. Furthermore, suprathreshold DPOAE level did not appear to be systematically correlated with NEB.
Defining NEB in a Human Population
The amount of NEB reported by the subjects in the present study is very different compared with the highly controlled noise exposures of animals tested by Kujawa and Liberman (2009; Lin et al. 2011; Furman et al. 2013 ). For ethical reasons, exposing human subjects to a controlled noise source for the purposes of this study was not feasible. Therefore, a convenience sample of individuals with varying NEB (as defined by the NEQ score) was used. For the majority of individuals reporting greater amounts of NEB, noise exposure was attributable to music listening (e.g., concert attendance, playing a musical instrument, listening to music via speakers or personal headphones, etc.). Musicians have been identified as a population frequently exposed voluntarily to high levels of noise (Chasin 1996; O'Brien et al. 2008; Zhao et al. 2010; Cook-Cunningham et al. 2012) , making this population a reasonable choice for subject recruitment.
A limitation of using the NEQ score to quantify NEB is that the questionnaire focuses on exposure to loud sound in the past year; noise exposures beyond this time frame are not specifically probed. An effort was made in the present study to recruit subjects whose lifetime noise exposure was accurately reflected in their NEQ score. This was done by obtaining a detailed case history. For example, if a subject reported not playing a musical instrument in the past year via the NEQ, they were asked whether they had ever played a musical instrument. If the subject stated playing a musical instrument in high school but not since, the annual NEQ score was determined to be therefore not reflective of the lifetime noise exposure reported in the detailed case history. When a discrepancy existed between the NEQ score and the detailed case history, the subject was not enrolled.
Influence of NEB on Auditory Responses Measured via the ABR
ABR Wave I Amplitude • Results of the present study support the hypothesis that suprathreshold ABR wave I amplitude is smaller in normal-hearing subjects with greater amounts of NEB when compared with normal-hearing subjects with lesser amounts of NEB ( Figs. 4 and 5) . Additionally, these findings are in agreement with the data from mice and guinea pig ears (Kujawa & Liberman 2009; Lin et al. 2011; Furman et al. 2013 ). In the human ear, it is unknown how much noise exposure must be encountered before the anatomical and physiological patterns described by Kujawa and Liberman (2009) might develop. Although an association between suprathreshold ABR wave I amplitudes and NEB was revealed in the present study, it was not possible to identify a specific wave I amplitude value that indicated whether a response originated from an individual with high NEB or low NEB (Figs. 4 and 5). Linear regression analyses indicated approximately 15 to 24% of the variance in wave I amplitude could be explained by NEB (Fig. 4 ). Therefore, NEB is not the only factor influencing ABR amplitude. Although behavioral threshold variation was considered, it did not emerge as a contributing predictor of wave I amplitude in a multiple linear regression model. Before suprathreshold ABR wave I amplitude can be used clinically as a method to potentially identify early evidence of noise-induced auditory damage before a permanent hearing loss is present, additional pathological and nonpathological sources of amplitude variability must be understood.
An additional approach to determining when potential deafferentation is present in the human ear would be to inspect differences between prenoise exposure ABR wave I amplitude relative to postnoise exposure amplitude. The design of this study did not allow for comparison between pre-and postnoise exposure auditory responses in the same subject. It is difficult to obtain this type of data in humans as it is necessary to test subjects before being voluntarily exposed to loud noise and again after the noise exposure. Many of the subjects in the present study had initiated voluntary noise exposure years before being enrolled in the study. A prospective, longitudinal study design would be better suited for this approach. ABR Wave V Amplitude • ABR wave V amplitude was also measured in the present study and was not found to be systematically related to NEB (Fig. 6 ). This contrasts findings related to suprathreshold wave I amplitude and NEB. There are several possible reasons for the different findings for wave V compared with wave I that can be considered. Wave I of the ABR is generated in the distal portion of the auditory nerve (Melcher & Kiang 1996) while wave V of the ABR is generated at the level of the auditory midbrain (Møller et al. 1995; Hall 2007a) . Because there was a trend toward smaller wave I amplitudes to be seen in subjects with greater NEB, the data suggest the presence of a mechanism between the auditory nerve and the auditory midbrain that might compensate for the reduced output from the auditory nerve. This idea is in agreement with the data from Schaette and McAlpine (2011) where reduced ABR wave I amplitudes were found in normal-hearing human ears with tinnitus when compared with normal-hearing ears without tinnitus, but no differences were reported in wave V amplitude for the two groups. The authors argued their findings suggested the existence of a "homeostatic gain control" mechanism. Additional support for the idea of a "gain control" mechanism can be found in data from Robertson (2009, 2011) . These two studies reported the evidence of a significant increase in the spontaneous firing rate of inferior colliculus neurons in animal ears after noise exposure when compared with control ears. While the data in the present study were not designed to specifically address the existence of a homeostatic mechanism along the auditory pathway, the data presented here follow a similar pattern in ABR amplitude responses as that described by Schaette and McAlpine. If exposure to loud sound does lead to an increase in the spontaneous firing rates of inferior colliculus neurons, this might explain, at least in part, why differences were seen in wave I amplitude but not in wave V amplitude across subjects with different NEB in the present study.
An alternate explanation for the contrasting findings of wave I and wave V amplitude can be found in the study reported by Don and Eggermont (1978) . In their study, a high-pass masker was used to determine frequency contributions to the clickevoked ABR. The data by Don and Eggermont suggest that wave I is generated mainly by neurons with characteristic frequencies greater than 2 kHz while wave V includes contributions from along the entire cochlear partition. Therefore, it can be postulated that if damage to auditory structures is only present in structures responsible for encoding the higher frequencies (i.e., the 3-6 kHz region commonly affected by NIHL), it is possible that evidence of this damage would be revealed in smaller wave I amplitudes due to a reduction in the number of neurons contributing to the response. In contrast, if the auditory structures responsible for encoding the lower frequencies (i.e., <2 kHz) remain unaffected, wave V amplitude would be expected to be altered to a lesser degree or not at all, even when the high-frequency neurons are compromised. Differences Between ABR Recording Electrodes • The data collected with the TM electrode differed in a number of ways from the data collected with the mastoid electrode. As expected, the TM electrode resulted in larger wave I amplitudes (Table 2 ) and the ability to identify wave I down to a lower stimulation level when compared with responses collected with a mastoid electrode. These findings indicate the use of a TM electrode was successful in enhancing visualization of wave I of the ABR.
However, variability in ABR wave I amplitude was larger for responses collected with a TM electrode compared with responses obtained with a mastoid electrode (Table 2) . Increased variability (larger SDs) in wave I amplitude across subjects for a TM electrode compared with a mastoid electrode recording site has been reported in previous investigations (Ferraro & Ferguson 1989) . The larger SDs may essentially reflect the overall larger amplitudes that are recorded when using a TM electrode. Rather than looking at the absolute value of the SD, a proportional measure of variability, the Table 2 ). In general, although the CV values were similar for the two recording sites, the CV was consistently smaller for the mastoid recording site. It is possible that the proportionally larger variability at the TM electrode was responsible for the similar, but weaker, trends observed with the TM electrode. Replication of the present findings with a larger number of subjects is necessary to determine whether the reason for the lack of significant findings with the TM electrode is due to greater between-subject variability.
CV, can be examined (see bottom panel of
Influence of NEB on Auditory Responses Arising From the OHCs
NEB was not systematically correlated with DPOAE level at f 2 s of 1, 2, and 4 kHz across a range of L 2 s. These findings are in agreement with the recent results from animal ears where DPOAE levels were unchanged after full recovery from TTS and there was an absence of permanent noise-induced OHC damage (Kujawa & Liberman 2009; Lin et al. 2011; Furman et al. 2013) . While a lack of OHC damage after noise exposure resulting in TTS is in agreement with recent reports and some older findings (Robertson & Johnstone 1980; Liberman & Mulroy 1982) , it contradicts other reports that have described noise-induced damage to the OHCs. These have including swelling of the OHCs (Liberman & Dodds 1987) and damage to OHC stereocilia (Dunn et al. 1979; Gao et al. 1992) . However, in these reports, variability among animals in terms of the absence or presence of OHC damage existed (Dunn et al. 1979 ) and some investigations included data from animals experiencing active TTS (Liberman & Dodds 1987; Gao et al. 1992) .
For the human ears assessed in the present study, it is not feasible to complete anatomical assessment of the OHCs. Therefore, the status of the OHCs must be inferred from looking at a functional measure of the OHCs, such as DPOAEs. As no difference in DPOAE level was found across the 30 subjects tested here with varying NEB, it is postulated that the noise exposure of participants in the present study did not result in permanent anatomical damage to the OHCs. If this study were repeated in an additional group of individuals with different amounts or types of NEB, it is possible that a different outcome could have been observed.
Cross-sectional studies have shown that OAEs are a good assessment approach in noise-exposed individuals who have elevated behavioral thresholds (Attias et al. 2001 ). Furthermore, numerous studies have demonstrated the effectiveness of OAEs in identifying the presence or absence of hearing loss (Gorga et al. 1993 (Gorga et al. , 1997 Stover et al. 1996) ; the cause of hearing loss in these studies included NIHL along with a multitude of other causes. In ears with normal behavioral thresholds (typically defined as ≤20 dB nHL), the literature has not strongly supported the use of DPOAEs as a method for detecting earlier evidence of noise damage than that garnered by behavioral threshold assessment (Lapsley Miller et al. 2006; Marshall et al. 2009; Seixas et al. 2012) . The results of the present study do not support the use of DPOAE assessment as an effective method to detect the early evidence of noise-induced damage before increases in behavioral thresholds are apparent.
While the results of the present study did not reveal any systematic difference in DPOAEs as a function of NEB, data were collected at a single-test session and prenoise exposure DPOAE levels were not available for comparison. It is unknown how DPOAE levels in the normal-hearing, noise-exposed ears tested here would compare relative to DPOAE levels obtained from the same ear before the onset of noise exposure. Furthermore, in an ear with active temporary hearing loss due to noise exposure, it is likely smaller DPOAE levels would be recorded. However, these comparisons could not be investigated in the present study as no baseline DPOAEs were available and no subject was actively experiencing TTS.
CONCLUSIONS
The results reported here describe a pattern of smaller highlevel ABR wave I amplitude in normal-hearing human subjects reporting greater amounts of NEB when compared with subjects reporting lesser amounts of NEB. Other measures of auditory function (suprathreshold DPOAEs and ABR wave V amplitude) were not found to be systematically correlated to NEB. These findings are in agreement with recent data from noise-exposed animals (Kujawa & Liberman 2009; Lin et al. 2011; Furman et al. 2013) and are consistent with the idea that noise exposures that do not result in permanent hearing loss might permanently damage high-threshold/low-spontaneous rate auditory nerve fibers in human ears. Furthermore, the data suggest evidence of this damage is only apparent when examining suprathreshold (≥70 dB nHL) ABR wave I amplitude.
